is an important contributor to pulmonary vascular remodeling in the pathogenesis of pulmonary hypertension (PH). High proliferative potential endothelial progenitor-like cells have been described in vascular remodeling and angiogenesis in both systemic and pulmonary circulations. However, their role in hypoxia-induced pulmonary artery (PA) VV expansion in PH is not known. We hypothesized that profound PA VV neovascularization observed in a neonatal calf model of hypoxia-induced PH is due to increased numbers of subsets of high proliferative cells within the PA adventitial VV endothelial cells (VVEC). Using a single cell clonogenic assay, we found that high proliferative potential colony-forming cells (HPP-CFC) comprise a markedly higher percentage in VVEC populations isolated from the PA of hypoxic (VVEC-Hx) compared with control (VVEC-Co) calves. VVEC-Hx populations that comprised higher numbers of HPP-CFC also demonstrated markedly higher expression levels of CD31, CD105, and c-kit than VVEC-Co. In addition, significantly higher expression of CD31, CD105, and c-kit was observed in HPP-CFC vs. the VVEC of the control but not of hypoxic animals. HPP-CFC exhibited migratory and tube formation capabilities, two important attributes of angiogenic phenotype. Furthermore, HPP-CFC-Co and some HPP-CFC-Hx exhibited elevated telomerase activity, consistent with their high replicative potential, whereas a number of HPP-CFC-Hx exhibited impaired telomerase activity, suggestive of their senescence state. In conclusion, our data suggest that hypoxia-induced VV expansion involves an emergence of HPP-CFC populations of a distinct phenotype with increased angiogenic capabilities. These cells may serve as a potential target for regulating VVEC neovascularization.
high proliferative potential endothelial colony-forming cells; endothelial progenitor cells; vascular remodeling; pulmonary hypertension; endothelial clusters VASCULAR REMODELING IS A FUNDAMENTAL pathological hallmark of a number of cardiovascular diseases (22, 38) . Chronic hypoxia is an important contributing factor to the vascular remodeling process and is a potent stimulus for neovessel growth in a number of pathological settings. It has recently been shown that pathological remodeling includes not only intimal, medial, and adventitial thickening but also significant expansion of the VV network (36, 40) . Increased VV density is a characteristic feature of a number of diseases in both the systemic and pulmonary circulations, including atherosclerosis, type II diabetes, restenosis, vasculitis, and pulmonary hypertension (PH) (15, 28, 31, 32, 36, 40) . In the pulmonary circulation, increases in VV density have been observed in patients with severe idiopathic fibrosis, as well as idiopathic pulmonary arterial hypertension (IPAH), where a dramatic increase in VV density occurred around remodeled pulmonary arteries (PA) and plexiform lesions (31, 33) . In animal models of PH, a marked expansion of the vasa vasorum (VV) network has also been observed in the adventitia and the media (3, 30) . Moreover, in a neonatal bovine model of PH, it was demonstrated that chronic hypoxia markedly increases VV neovascularization along the entire longitudinal axis of the PA and is accompanied by infiltration and homing of circulating progenitor and inflammatory cells to the PA adventitia and around the expanding VV network (3, 4, 12, 39) . However, despite the obvious important role of VV neovascularization in the pathophysiology of PH and the mechanisms of its expansion, the nature and characteristics of different cellular populations involved in the remodeling process remain unexplored.
Recently, endothelial progenitor cells (EPC) have been implicated in the remodeling process in vascular physiological and pathological responses (7, 8) . However, since their discovery by Asahara et al. in 1997 (2) , there has been considerable controversy with regard to their origin, sources, and identities. In particular, the role of resident EPC vs. recruiting circulating EPC in the pathogenesis of most vascular wall abnormalities has not been defined. Thus far, at least three ways have been identified to isolate and define EPC as reviewed by Yoder (44) . In most studies, EPC identification has been carried out based on the expression of CD34 and/or CD133. Vessel-forming resident EPC that have a high proliferative potential were termed high proliferative potential colony-forming cells (HPP-CFC) (46) .
The microvasculature has previously been suggested to be a rich source of EPC (1) and probably endothelial colonyforming cells (ECFC), which have been shown to participate in pathological vascular remodeling and have been described to be comprised within cultured endothelial cells derived from human PA of patients with pulmonary arterial hypertension (6) . Therefore, we hypothesized that higher numbers of EPC/ CFC would be present in the VV isolated from the PA adventitia of chronically hypoxic neonatal calves (VVECHx) compared with control (VVEC-Co). In this study we isolated and characterized high proliferative populations from VVEC-Co and VVEC-Hx via clonogenic assays, expression of endothelial and progenitor markers, and angiogenic responses. The results from our study suggest that a HPP-CFC population may contribute to hypoxia-induced VV neovascularization and can be considered a potential target for regulating vascular remodeling in PH.
MATERIALS AND METHODS
Animals. Lung tissue and PA were collected from normoxic [2 wk kept at ambient Denver altitude; barometric pressure (P B) ϭ 640 mmHg] and chronically hypoxic (2 wk exposed to hypobaric hypoxia; PB ϭ 430 mmHg) male Holstein calves (n ϭ 6 -7 for both groups). Standard veterinary care was used following institutional guidelines, and the procedure was approved by the Institutional Animal Care and Use Committee (Department of Physiology, School of Veterinary Medicine, Colorado State University, Ft. Collins, CO). Animals were killed by an intravenous overdose of pentobarbital. The protocol was approved by the Institutional Animal Care and Use Committee at Colorado State University. Older (5-6 mo old) calves with naturally occurring PH (in cattle, so-called "brisket disease") were also analyzed (n ϭ 3). These calves (of mixed British-based Aberdeen Angus and Hereford breeds) were born at a high-altitude (2,438 m) cattle ranch in Southwest Colorado and pastured at 2,438 -3,505 m altitude for several months until their death. Postmortem, lung lesions consistent with PH and right heart failure in the absence of bronchopneumonia were validated.
Histological and immunofluorescence analysis of PA VV. Hematoxylin and eosin (H&E) or Pentachrome staining of tissue sections was performed according to standard protocol to visualize VV in the PA wall of Holstein and British-based Aberdeen Angus and Hereford breeds, respectively. To determine the expression of CD31, CD34, and CD133 in PA adventitial VV, bovine main PA (MPA) sections were fixed with 4% paraformaldehyde (PFA) for 10 min and blocked with 10% donkey or goat serum for 15 min, at room temperature. Tissue sections were incubated with mouse monoclonal anti-CD31 (1:50 dilution; Novus Biological) and rabbit polyclonal anti-CD34 or anti-CD133 antibodies (1:50 dilution; Santa Cruz Biotechnology) overnight at 4°C. Sections were washed with PBS and incubated with goat anti-mouse AlexaFluor488 and donkey anti-rabbit AlexaFluor594 antibodies (1:250 dilution; Invitrogen) for 1 h at room temperature. Finally, slides were washed with PBS and mounted with VECTASHIELD with DAPI (Vector Laboratories) to observe the nuclei. Images were captured using a fluorescence microscope (Nikon) with AxioVision40 Software.
VVEC isolation and culture. VVEC were isolated from PA adventitia of both VVEC-Co and VVEC-Hx animals and cultured according to our previously published methods (14) . Cells were cultured routinely in DMEM/10% FBS supplemented with Endothelial Growth Supplement (Upstate Biotechnology) and incubated at 37°C, 5% CO 2. All studies were performed on cells between passages 2 and 7.
Clonogenic assay. Single-cell clonogenic assay was carried out on VVEC-Co and VVEC-Hx as described (19, 21) . Trypsinized cells were sorted (1 cell/well) using a Legacy MoFlow FACS and cultured in DMEM/10% FBS supplemented with Endothelial Growth Supplement. After 14 days, cells were fixed with 4% PFA and stained with 0.5 g/ml propidium iodide. Each well was examined using a Nikon TI inverted microscope and analyzed using Nikon NIS elements software. Visual inspection and cell counting were performed using ImageJ 1.43u. The colonies were defined as: HPP-CFC for Ͼ2,000 cells; low proliferative potential (LPP-CFC) for 50 -2,000 cells; and endothelial clusters (EC) for Ͻ50 cells. Selected HPP-CFC-Co and HPP-CFC-Hx were expanded in culture for PCR analysis.
Quantitative real-time PCR. To determine CD31, CD34, CD105, CD133, and c-kit expression, quantitative real-time PCR (qRT-PCR) was carried out on total RNA isolated from VVEC-Co, VVEC-Hx, HPP-CFC-Co, and HPP-CFC-Hx using an RNeasy Mini kit (QIAGEN). cDNA was synthesized using 1 g RNA with an iScript cDNA Synthesis Kit (Bio-Rad). For qRT-PCR, cDNA samples were then amplified in duplicates in a final volume of 12.5 l using iQ SYBR Green Supermix (Bio-Rad) and 500 nM gene-specific primers using the Bio-Rad iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). Starting quantity was calculated from the standard curve for each primer and normalized to bovine 18S. Custom primer (Life Technologies) sequences were as follows: CD31, forward: TTGCAGTGGTGGTCATCGGAGT, reverse: TGCTTGGCCTTGGCTTTCTTCA; CD34, forward: ATG-GTCTTGCAGCTTCCACGCA, reverse: ACAGTCCAGAAAAGC-CCCTGCT; CD105, forward: ACATCTACTCGCACACGCGTCA, reverse: TGCTGTGGTTGGTGCTACTGCT; CD133, forward: TGT-GTGGCACGTTGGGCTATGA, reverse: AGTCCAACCCCAAC-CATGAGGA; and c-kit, forward: TCCTGATTGACCTTCCCT, reverse: TGTCAAATCCTTGGGGAG (23, 24) .
Telomerase assay. Telomerase activity was measured using the TRAPEZE RT telomerase kit (Millipore) according to the manufacturer's instructions. Briefly, cell pellets were washed with PBS, lysed in CHAPS buffer for 30 min on ice, and centrifuged at 12,000 g for 20 min at 4°C. Protein was measured using Bradford assay. 25 Reaction mix was prepared using the Amplifuor primers, DNA Taq polymerase, and 100 ng/l cell extract (or TSR8 standard dilutions). PCR amplification was carried out in a Bio-Rad iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad) using the following parameters: 1 cycle (30°C for 30 min), 1 cycle (95°C for 2 min), and 45 cycles (94°C for 15 s, 59°C for 60 s, and 45°C for 10 s). Telomerase units were extracted relative to the TSR8 amplification curve (linear equation).
Cell migration. To test the angiogenic capacity of VVEC and HPP-CFC populations, migration and tube formation in vitro assays were performed as previously described (14, 24) . Migration was carried out using Boyden chamber assay in 24-well plates. Growtharrested cells (DMEM without serum, 72 h) were seeded on top of the transwell permeable support (8 m pore size; Corning) precoated with 1% gelatin at the amount of 1 ϫ 10 5 cells. ADP (500 M) was added to the lower compartment to initiate migration. After 24 h, nonmigrated cells were scraped off from the top of the filters; migrated cells were fixed in methanol for 15 min at room temperature and stained with 0.2% crystal violet in 2% ethanol for 15 min. Filters with migrated cells were photographed under ϫ20 magnifications in a phase-contrast microscope (Nikon) at three random fields per well and counted using ImageJ software.
Tube formation. Tube formation assay was carried out in ibidi angiogenesis slides (ibidi) precoated with 10 l of Growth Factor Reduced Matrigel Matrix (BD Bioscience). Growth-arrested VVEC and HPP-CFC were seeded on polymerized Matrigel in triplicate at a density of 1.7 ϫ 10 4 cells/well and incubated for 6 h with or without ADP (100 M). Images were captured using a digital camera connected to a phase-contrast microscope (Nikon) at three to five random fields. The average tube length, the number of tubes, and triple nodes (branch points) were quantified using a macro developed in the Image Pro Premier 9.0 software (Media Cybernetics).
Statistical analysis. For the analysis of variances between groups of data, two-way ANOVA with a Bonferroni posttest or unpaired t-test with Mann-Whitney posttest was performed using GraphPad Prism 4.0. Data are expressed as the means Ϯ SE. A P value of Ͻ0.05 was considered statistically significant. Three or four individual experiments were carried out for each assay, each in duplicate.
RESULTS

PA adventitial VV comprises progenitor-like cells.
To analyze hypoxia-induced VV neovascularization, we performed histological evaluation of the VV in the PA of neonatal chronically hypoxic calves with severe PH and age-matched controls. H&E-stained tissue sections demonstrated marked thickening of the PA wall in chronically hypoxic hypertensive animals compared with arteries from controls. This vascular remodeling was associated with a prominent increase in the density of the VV network that was localized within the adventitial compartment and at the adventitial-medial interface ( Fig. 1, A and B) , consistent with our previous observations (3). Interestingly, in older (5-6 mo-old) calves that were raised at altitudes Ն9,000 ft and that developed terminal right heart failure (so-called brisket disease), dramatic increases in the density of VV were observed not only in adventitial but also in medial and even intimal compartments (Fig. 1C) (34) .
Because EPC are known to contribute to vessel wall neovascularization, we evaluated whether EPC contributed to hypoxia-induced VV expansion. Immunofluorescent analysis of endothelial and progenitor marker (CD31, CD34, and CD133) expression in the adventitial VV demonstrated the presence of increased numbers of CD31 ϩ cells in hypoxic animals compared with controls ( Fig. 1, D (Fig. 2) . The median mRNA expression levels of endothelial marker CD31 were threefold higher in VVEC-Hx compared with VVEC-Co, consistent with an elevated level of CD31 expression observed in PA sections. The median mRNA expression of progenitor marker CD34 was 1.3-fold higher in VVEC-Hx. The median mRNA expression levels of progenitor marker CD133 were similar in both VVEC-Co and VVEC-Hx. The mRNA expression of the proliferation and vascular repair-associated marker CD105 was twofold higher in VVEC-Hx vs. VVEC-Co. The median mRNA expression of the multipotent stem cell antigen c-kit was markedly (9-fold) higher in VVEC-Hx compared with VVEC-Co. These data demonstrate that there were higher expression levels of CD31, CD105, and especially c-kit antigens in VVEC cultures from hypoxic hypertensive calves compared with controls, whereas other markers showed only moderate increases. The expression of the leukocyte common antigen CD45 was not found in VVEC populations (data not shown).
VVEC consist of a hierarchy of cells with different proliferative potential. Given that EPC have been implicated in the vascular remodeling process (8) and that ECFC possess increased proliferative capacity, we aimed to investigate the presence of a different hierarchy of proliferative cells in VVEC-Co and VVEC-Hx. An established method for ECFC isolation and identification is the single-cell clonogenic assay, where single EC would give rise to populations with different proliferative potential (21) . A hierarchy of CFC in both VVEC-Co and VVEC-Hx was observed 14 days after single cell sorting. Figure 3A demonstrates representative images of HPP-CFC, LPP-CFC, and EC colonies formed after a 14-day clonogenic assay. A significantly higher percentage of proliferating cells (HPP-CFC and LPP-CFC) was observed in VVEC-Hx than in VVEC-Co (Fig. 3B) , emphasizing the presence of a highly proliferative population in VVEC-Hx. Moreover, VVEC-Hx contained 26.85 Ϯ 2.14% HPP-CFC (considered ECFC, a type of EPC), which was significantly higher than that in VVEC-Co (17.47 Ϯ 1.79%, P ϭ 0.0082). In contrast, there was a significantly higher percentage of mature EC (EC clusters) in VVEC-Co compared with VVEC-Hx (56.54 Ϯ 3.96 vs. 7.59 Ϯ 1.43 respectively, P ϭ 0.0001). Thus, VVEC contained a highly proliferative population (HPP-CFC) that showed increased numbers in VVEC-Hx compared with VVEC-Co. To compare a hierarchy of proliferative cells in VVEC and endothelial cells from large vessels, we performed clogenic assay on aortic (AOEC) and main pulmonary artery (MPAEC) endothelial cells isolated from hypoxic animals ( Fig. 3C) . We found that AOEC and MPAEC contained a slightly lesser percentage on HPP-CFC and a markedly lesser percentage of LPP-CFC compared with the percentages of these cell populations in VVEC-Hx. In contrast, the percentage of differentiated cell clusters possessing almost no proliferative activity was higher in AOEC and MPAEC.
VVEC and HPP-CFC demonstrate alterations in telomerase activity. HPP-CFC populations have been previously reported to retain high telomerase activity contributing to their high replicative capacity (19 -21, 46) . Using the TRAPeze RT telomerase kit, we showed that six from seven tested HPP-CFC-Co had higher relative telomerase activity compared with VVEC-Co (Fig. 4A) . However, 9 from 11 tested HPP-CFC-Hx showed lower telomerase activity compared with VVEC-Hx (Fig. 4B ). There were no visible differences in the morphological endothelial-like appearance of HPP-CFC and their parent VVEC cultures, as was demonstrated by bright-field microscopy (Fig. 4B) .
HPP-CFC express elevated levels of endothelial and progenitor cell markers. Vascular endothelium is known to exhibit a variable degree of heterogeneity due to the presence of cell populations with distinct proliferative and cell surface phenotypes. To characterize HPP-CFC derived from VVEC-Co and VVEC-Hx, qRT-PCR analysis of endothelial and progenitor cell markers was carried out. HPP-CFC-Co showed higher (compared with VVEC-Co) mRNA for CD31, CD133, CD105, and c-kit, indicating that the HPP-CFC-Co population is comprised of more progenitor-like and/or activated endothelial cells (Fig. 5, A-E) . In HPP-CFC-Hx, mRNA levels of CD31, CD133, and CD105, but not of CD34, appeared to be lower, yet not statistically significant, than in parent VVEC-Co populations. Expression of c-kit was significantly lower in HPP-CFC-Hx vs. VVEC-Hx, and it was much lower in HPP-CFC-Hx compared with HPP-CFC-Co.
VVEC and HPP-CFC are characterized by similar but not identical proangiogenic capabilities. Next, VVEC and HPP-CFC were examined for their migratory and tube formation responses, two angiogenic attributes featured in vascular endothelial and EPC. Earlier we have demonstrated that extracellular nucleotides ATP and ADP exhibit a potent angiogenic effect on VVEC (14, 27) . Using ADP as an angiogenic ligand for P2Y1 and P2Y13 receptors (27) we observed a significantly enhanced migration in all cell populations (Fig. 6) . The number of HPP-CFCs migrating in response to ADP was similar in cells isolated from both control and hypoxic animals. Tube formation assay on Growth Factor Reduced Matrigel demonstrate that the formation of tubular-like networks in the HPP-CFC and their parent VVEC cultures was more pronounced in cells isolated from hypoxic compared with control animals (Fig. 7, A and B) . Stimulation with extracellular ADP increased average tube length in all cell populations that was accompanied by a decreased number of tubes and triple node counts. These data suggest that morphogenetic response represents a distinct angiogenic characteristic that may not necessarily correlate with cell proliferative and migratory potential. 
DISCUSSION
Previous studies have shown that VV neovascularization is critically involved in the vascular remodeling process in a number of diseases, including atherosclerosis, aortic aneurism, idiopathic fibrosis, and PH (3, 31, 32, 36, 40) . However, information on the mechanisms of VV expansion and its regulation in hypoxia-induced vascular remodeling, as well as the cell populations involved in this process, remain unexplored. Because VV expansion is thought to play a critical role in pulmonary vascular remodeling in PH, this study was aimed at identifying, isolating, and characterizing highly proliferative potential cell populations residing in the VV, which might contribute to the angiogenic expansion of the VV observed in PH.
The presence of vascular wall resident ECFC possessing high proliferative potential has been demonstrated within the endothelium of several vascular beds, including the endothelium of the pulmonary circulation (1, 6, 18, 20) . Given that ECFC may contribute to angiogenesis (8, 9) and also exhibit a hierarchy of functional cell surface markers, we carried out immunofluorescence analysis on sections of the MPA to examine the expression of endothelial and progenitor markers such as CD31, CD34, and CD133 in the adventitial VV to characterize the nature of the cells in the normal (control) and expanding (hypoxic) VV. Increased VV density was demonstrated by the increased numbers CD31
ϩ cells in the MPA adventitia of chronically hypoxic compared with control animals, consistent with previously reported evidence of hypoxiainduced VV expansion (4) and with VV expansion in the large PA of patients with IPAH (31) . Double staining showed that some cells in VV were CD31 ϩ CD34 ϩ or CD31 ϩ CD133 ϩ in both control and hypoxic animals, with a higher number of these cells in the hypoxic animals, indicating a recruitment of endothelial progenitors in the expanding VV in hypoxia and subsequent differentiation of these cells to endothelial phenotype.
To evaluate the expression of endothelial and progenitor markers at the cellular level, we used isolated VVEC of PA of control and hypoxic animals. The true identity of an EPC and the cell surface markers used to identify those cells remains controversial since EPC have been isolated from different sources and different species. Generally, cell surface antigens including CD34 and CD133 (8) have been used to identify endothelial progenitor phenotype, whereas CD31 and CD105 have been used to identify endothelial-specific phenotype (1). CD31 (PECAM-1) is known to be involved in endothelial cell proliferation, intercellular junction formation, and inflammatory cell trafficking through the endothelial monolayer (24, 35, 42) . Importantly, CD31 ϩ cells isolated from peripheral blood and bone marrow possessed a high vasculogenic activity (23) , indicating that CD31 also represents a marker of endothelial lineage commitment. In the present study, we found that relative mRNA expression of CD31 in VVEC-Hx was threefold higher than in VVEC-Co, supporting a role of CD31 in VV neovascularization in hypoxia. In addition, it is possible that increased expression of CD31 in VVEC of hypoxic animals also contributes to the considerable infiltration and accumulation of circulating inflammatory and progenitor cells in the PA adventitia and around the VV network (12) . CD105 (endoglin) is known as a proliferation-associated and hypoxia-inducible protein in angiogenically active endothelial cells (5, 10) , including coronary artery VV (26) . Our data demonstrated that CD105 expression was twofold higher in VVEC-Hx compared with VVEC-Co, consistent with the idea that the VV network expanding under hypoxic conditions consists of endothelial cells with a more activated phenotype compared with the cells of control VV. We also found that CD34 and CD133 were both expressed in VVEC, indicating the presence of a population with progenitor-like phenotype in VV of control and hypoxic animals. Finally, VVEC were evaluated for the expression of c-kit, a transmembrane protein tyrosine kinase, which plays a role in hematopoietic, immune, and other cell type proliferation and development (42) . We found significantly higher c-kit expression in VVEC-Hx compared with VVEC-Co, suggesting that bone marrow-derived hematopoietic stem cells may be recruited to VV and differentiate to endothelial cells. The presence of c-kit ϩ in VV is complementary to previously reported findings demonstrating the presence of c-kit ϩ cells in PA adventitia of chronically hypoxic calves (3). In addition, in patients with IPAH, c-kit ϩ cells were localized around PA adventitial VV and within the plexiform lesions (31). The presence of a population of cells expressing progenitorlike markers in VVEC-Hx suggested that these populations may exhibit elevated proliferative capacity. EPC have been previously implicated in the neovascularization process associated with several diseases. A type of EPC isolated through clonogenic assay, termed ECFC, are structural cells of the endothelium, possess an enhanced angiogenic capacity, and are rare in the circulation (7) . Thus far, they have been isolated from rat PA and microvessels (1), human umbilical vein, and aorta (21) . ECFC have also been shown to reside in PAEC where they were more proliferative in patients with PAH compared with control subjects (6) . Furthermore, ECFC dysfunction has been shown in pathological angiogenesis associated with PAH (8, 41) . To our knowledge, this study is the first report on the analysis of a hierarchy of clonal cell populations in VV. To determine if ECFC/HPP-CFC are present in VVEC and if this population exhibits EPC characteristics, we employed clonogenic assay on VVEC isolated from the PA of control and PH calves. This assay has been used previously to isolate ECFC/HPP-CFC from several vascular beds (21, 46) . Our results demonstrated a significantly higher percentage of HPP-CFC in VVEC-Hx compared with VVEC-Co, indicating a potential role for those cells in VV angiogenic expansion observed in the PA adventitia of hypoxic animals.
HPP-CFC were cultured and evaluated for their endothelial morphology, telomerase activity, expression of endothelial and progenitor markers, and angiogenic responses. HPP-CFC possessed endothelial morphology similar to parent VVEC in culture. Notably, HPP-CFC-Co had similar characteristics to HPP-CFC-Hx, but fewer colonies were present after the clonogenic assay, and thus fewer cells were available for investigation.
Most ECFC have been shown to retain high telomerase activity, which contributes to their high proliferative state and regenerative characteristic (19, 46) . Indeed, in our studies, HPP-CFC-Co showed higher telomerase activity than VVECCo, indicating that this population is the highly proliferative progenitor population. Interestingly, however, most HPP-CFC-Hx showed low telomerase activity compared with HPP-CFC-Co, although VVEC-Hx had a higher percentage of HPP-CFC. Low or absent telomerase activity has been found in somatic tissues and primary cells where telomere dysfunction is likely an indicator of chromosomal aberrations, genomic stability, proliferative arrest, and apoptosis (37) . It has also been shown that critically short telomeres contribute to endothelial dysfunction and impaired angiogenesis, both involved in vascular remodeling in a number of pulmonary diseases (11) . Moreover, vascular endothelial cells with senescenceassociated phenotype induced by telomere shortening have been shown in human atherosclerotic lesions (29) . Low levels of telomerase activity have also been seen in adult stem cells, including hematopoietic and nonhematopoietic stem cells (17) , contributing to genomic instability and thus disease progression. Our data showing low telomerase activity in HPP-CFC-Hx potentially may point to cellular senescence and genomic instability. Therefore, this population could be responsible for dysfunctional VV and PH pathogenesis. Marked variations in telomerase activity in HPP-CFC-Hx are consistent with a previous report on murine bone marrow HPP-CFC (45) that demonstrated HPP-CFC heterogeneity with respect to their proliferative capacity and in vitro responsiveness to hematopoietic growth factors. It can be speculated that, in hypoxic microenvironments, some VV HPP-CFC-Hx escape replicative senescence, become apoptosis resistant, and can be responsible for VVEC repopulation and VV expansion. A better understanding of telomerase activity regulation in progenitor cells could be of critical therapeutic potential in vascular remodeling in PH.
As previously mentioned, elevated expression of CD31, CD105, and c-kit antigens can be functionally linked to increased proliferative responses, however, there are limited data to support this idea. In this study we compared the expression of the selected endothelial and progenitor markers in HPP-CFC and parent VVEC cultures. We showed significantly higher expression of CD31, CD105, and c-kit in HPP-CFC-Co compared with VVEC-Co, however, the expression of these antigens was lower in HPP-CFC-Hx compared with VVEC-Hx. These observations suggest that, despite similar proliferative characteristics, HPP-CFC-Co and HPP-CFC-Hx may exhibit distinct cell surface phenotype, and there is apparently no direct correlation between proliferative responses and elevated expression of CD31, CD105, and c-kit. These observations are unexpected, since a receptor tyrosine kinase c-kit can mediate proliferative signals in tumor-related diseases (25) , and CD31 can undergo tyrosine phosphorylation and contribute to integrinmediated Grb2/Sos/Ras signaling (35, 42) . Further exploration of HPP-CFC phenotypes and their modulation by hypoxia would be necessary for better understanding a specific contribution of these cell populations to VV angiogenesis. Development of commercially available bovine-reactive antibodies to CD31, CD34, CD133, CD105, and c-kit would facilitate FACS analysis of these antigens on the cell surface.
To characterize the angiogenic capacity of HPP-CFC, we investigated the migratory and tube formation responses of these cell populations in vitro. Migration is very important for progenitor cells to be recruited to the sites of injury (13) , whereas tube formation is important for vessel morphogenesis and is a critical attribute of EPC and EC (16) . Previously, our group has reported that VVEC isolated from the PA adventitia of chronically hypoxic calves possess an activated proangiogenic phenotype, characterized by elevated mitogenic and migratory responses to extracellular nucleotides (ATP and ADP) through the activation of P2Y1 and P2Y13 purinergic receptors (4, 14, 27, 43) . In this study, VVEC and HPP-CFC were treated with ADP, the most potent ligand of P2Y1 and P2Y13 receptors (27) , to evaluate migration and tube formation responses. We observed a significant migratory response to ADP from all populations of VVEC and HPP-CFC. The responses in ADP-treated HPP-CFC were slightly lower compared with those in VVEC, suggesting a possible difference in purinergic receptor expression and/or downstream cellular pathways leading to cell migration. Differences in purinergic receptor signaling may also explain increased migratory responses in VVEC and HPP-CFC isolated from hypoxic animals compared with controls. In a Matrigel tube formation assay, we observed tubular rearrangement in VVEC and HPP-CFC in response to ADP. Notably, ADP induced marked morphogenetic response in these cell populations and increased numbers of branching points (triple node counts), again pointing to HPP-CFC as potentially being an important contributor to VV expansion and morphogenesis.
In conclusion, this is the first study to show the presence of HPP-CFC (ECFC) in PA adventitial VV. We demonstrated that the abundance of HPP-CFC in hypoxic VVEC may be an important contributor to the extensive neovascularization of the PA VV observed in the hypertensive animals via their high proliferative potential and vasculogenic capacity. Therefore, this cell population could be a potential target in regulating VV neovascularization in hypoxia-induced pulmonary vascular remodeling. Meanwhile, low telomerase activity observed in some populations of HPP-CFC-Hx may indicate functional impairment of those cells as a result of chronic hypoxic exposure and/or functional and phenotypical changes that result from isolation of those cell population from tissue microenvironment. Further characterizing and defining a role of HPP-CFC in VV neovascularization and understanding the involvement of this population in the progression of vascular diseases may unravel the mechanisms behind these phenomena. 
